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INTRODUCrION

The drug-resistance (R) factors found in
Enterobacteriaceae possess two outstanding func-
tions. They render their hosts resistant to anti-
bacterial agents such as antibiotics, and, at the
same time, enable them to transmit resistance to
other bacteria. The recipient of an R factor thus
becomes drug-resistant and a genetic donor in its
turn. It may also receive other genetic material
from the donor cell, such as segments of chromo-
some or other extrachromosomal elements which
the donor may carry at the time. Chemically, R
factors consist of deoxyribonucleic acid (DNA),
like the bacterial chromosome, although they
behave independently in biophysical (186) and
genetic experiments. An R factor is thus an in-
dependent linkage group, composed of genes
determining drug resistance associated with others
conferring the ability to conjugate and to transfer
the factor to a new host. The latter have been
collectively referred to as the "resistance transfer
factor" or RTF (219), or "transfer factor" (7),
but, as those found in R factors are unlikely to
differ essentially from those possessed by other

types of transmissible plasmidlike colicin factors'
a more general term is to be preferred. Of the
terms available, "sex factor" seems at present the
most suitable and is used here, although, after it
was first applied to the F factor, its meaning has
been both extended to any transmissible plasmid
as a whole (97, 116) and restricted to those
plasmids capable of promoting chromosomal
transfer (33).
The phenomenon of transmissible drug resist-

ance was discovered in Japan (219), following the
isolation from a case of dysentery of a strain of
Shigella flexneri resistant to the four drugs,
chloramphenicol, tetracycline, streptomycin, and
sulfonamide (121). Multiply resistant Shigella
strains were subsequently found with increasing
frequency in clinical practice in Japan, and became
of particular interest when it was observed that,
after administration of a single antibiotic, both
fully sensitive and multiply resistant strains be-
longing to the same serological type could be
isolated in specimens from either a single patient
or different patients in the same outbreak. Akiba
(3, 4) and Ochiai (168) suggested that the resist-
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ance might be transferred to Shigella from strains
of Escherichia coli already resistant, and showed
that multiple resistance of this kind was indeed
transmitted from one bacterium to another by cell
contact. Watanabe and Fukasawa (222) con-
firmed that cell contact was required for the
factor to bring about its own transfer, although
the resistance genes could also be transduced by
phage (223). Many reports followed, from 1957
onwards, of strains of S. flexneri or E. coli
resistant to one or more antibiotics whose resist-
ance was similarly transmissible by growth in
mixed culture (155). Transmission did not depend
on the presence of F, the classical sex factor of
E. coli K-12 (157), so that the bacteria had
evidently acquired an independent mechanism for
conjugation.
The first R factors to be reported outside Japan

were found by Datta (48, 49) in strains of Sal-
monella typhimurium causing an outbreak of
gastroenteritis in London. Since then, it has be-
come apparent that transmissible drug resistance
is prevalent in strains of Salmonella, Shigella, and
E. coil throughout the world (7, 124, 130, 143,
144, 200, 201). Resistance can be transferred
widely among the Enterobacteriaceae (91), Vibrio
cholerae (16, 126), Pasteurella pestis (80), and
Serratia marcescens (186), although the recipient
ability of a strain may be limited by restriction on
the entry of foreign DNA (124; M. Okada et al.,
J. Gen. Microbiol., in press).
The R factors which were first discovered

conferred resistance to one or more of the drugs,
streptomycin, tetracycline, chloramphenicol, and
sulfonamide (158, 219); resistance has subse-
quently appeared to kanamycin and neomycin
(130) and to the penicillins (8), while strains are
not uncommonly found which transfer resistance
to all these drugs (125). Since 1960, R factors
have accumulated an increasing number of drug-
resistance determinants (7, 70) and have also
become increasingly prevalent in enteropatho-
genic species (salmonellae, shigellae, and entero-
pathogenic strains of E. coli). Their incidence in
nonpathogenic bacteria has not been investigated
to the same extent.

It has been the custom, as new transmissible
plasmids are discovered, to group them by the
more obvious properties they confer on the host
bacterium. In this way, R factors are generally
considered as a class determining resistance to
antibiotics, as distinguished from plasmids asso-
ciated with other characters, like colicinogeny.
It is questionable, however, whether this is a
useful distinction, for we cannot judge the sig-
nificance of resistance and other genes until we
have discovered their ultimate source and how
they were acquired. The sex factor, or that part

of the plasmid responsible for its transmissibility,
may be of far greater significance in any system
of classification (28). In attempting to determine
the fundamental nature of complex plasmids, we
should perhaps look first for those factors which
confer no other character on the bacterium be-
yond the ability to conjugate, for it may be an
uncomplicated sex factor of this kind which is the
rudiment of the future complex plasmid (6, 150).
The obvious example is the F factor itself; other
instances are the factors described by Lederberg,
Cavalli, and Lederberg (132), Bernstein (18),
Furness and Rowley (78), Qrskov and Qrskov
(171), and Anderson and Lewis (10). Any at-
tempt, however, to relate the habitual incidence
of such sex factors to the frequency with which R
factors are found is likely to be vitiated by the
fact that once an R factor is constituted, the sex
factor will be subject to the same selective pres-
sures from the use of antibiotics as the resistance
determinants themselves. This prediction has been
borne out in Salmonella panama (82, 83) and in
S. typhimurium (6, 7) by a prodigious increase in
the prevalence of certain phage types, for the
phage resistances which define these particular
types depend on sex factors which serve as the
vectors of drug-resistance genes.

Far more is known at present of the sex factors
of R factors than of the origin of their resistance
determinants. By the time that transmissible drug
resistance was discovered, a great deal was al-
ready known about conjugation in enterobacteria
from studies of the F factor of E. coli K-12 (96,
116, 132), and of colicin factor I (ColI), another
genetic element known to bring about conjugation
and the transfer of genetic material (74, 175).
This factor was evidently quite distinct from F,
judging from their differing behavior (Table 1).
In particular, Coll brought about its own transfer
at much lower frequency than did F (207) and
gave only a very small number of genetic re-
combinants for chromosomal genes (175); neither
could the surface properties associated with F be
detected in F- cells carrying Coll. But the most
striking feature of Coll transfer was the HFT
(high-frequency transfer) system, where bacteria
which had newly received the factor passed it on
at much higher frequency than those which had
carried it for many generations (207). These
differences between F and I (as the sex factor of
Coll will be called) arise both from differences in
the structural genes determining conjugation and
in the degree to which these genes are repressed
in the two factors.
The sex factors of naturally occurring R factors

appear to be related to F or to I by a variety of
criteria, so that F and I may well be the archetypal
sex factors from which the majority of trans-
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TABLE 1. Properties of F and I

Rate of transfer per cell

Factor I Wild-type Type of sex pilus Pilus detectable in
factor is Chromosomal established cultures6

Plasmid' geea

F Derepressed 0.2-1 104 to 105 F +
I Repressed 10- to 10- (LFT) 10-8 to 10 II

0.1 to 1.0 (HFT)

a In Escherichia coli K-12 (37, 175).
b By electron microscopy, agglutination by antiserum, macroscopic lysis by phage.

missible plasmids have originated. In outline, the
F-like group contains F and its derivatives, fi+ R
factors, some col factors, and various other
plasmids such as Fo-lac. The I-like group com-
prises other colicin factors, notably Coll, and fi-
R factors.

F AS A MODEL SEX FACTOR
It is now 22 years since genetic material was

first shown to be transferred from one bacterium
to another by conjugation following cell contact
(134, 214). Not long after, it became apparent
that, although the genes transferred were located
in the bacterial chromosome, the actual process
of transfer was determined by an additional
genetic element. This element, named F for
"fertility" (31), provided the cell with a mech-
anism for conjugation which allowed it to act as
a genetic donor (96), so that, in a mating pair,
one cell acted as donor and the other as recipient
(95). The presence of F is recognized by two
principal effects: first, the cell becomes a genetic
donor; second, it produces a special filament
(Fig. 1) which, as it is not concerned in motility,
has been classified as a new member of that
heterogeneous class of appendages known as
"fimbriae" (59, 60) or "pili" (21). The pili pre-
viously described are not directly concerned in
gene transfer, although they may play a non-
specific role by stabilizing pairs of conjugating
cells (152, 160). These pili will be termed "com-
mon pili" (152) to distinguish them from the
"sex pili" determined by F and other sex factors,
which may provide the actual route of gene
transfer (22).
The F pilus is detectable on F+ or Hfr cells by

the appearance of a new antigen (106, 170) and
because it is the receptor for certain phages which
exclusively lyse cultures of bacteria carrying F.
F-specific phages are of two kinds (Fig. 5, 6):
isometric phages with ribonucleic acid (RNA)
(237) which attach to the side of the pilus (23, 40)
and filamentous phages containing single-
stranded DNA which attach to the tip (29, 102).
Other changes which may also be due to the F

pilus are that Fa bacteria precipitate more readily
than F- as thepH of the medium is lowered (139),
have an altered surface charge, and are sometimes
autoagglutinable (140). They also travel more
slowly than F- cells through semisolid medium
(199). The F pilus is clearly essential for conjuga-
tion, for the bacteria do not act as genetic donors
if F pili are not produced (99) or are removed
(22, 29), or if their tips are blocked with phage
(105). The precise function of the pilus in con-
jugation is not yet established; it may serve as the
conjugation tube through which the genes actually
pass to the recipient (22) or it may simply be a
means of making the initial cell contacts, so
bringing the bacteria into apposition.

In a cross between F+ and F- bacteria, the
number of genetic recombinants for any given
chromosomal region corresponds to about 10-4 to
10-5 of the F+ population (2), although conjuga-
tion occurs very much more frequently. The
frequency of conjugation may be estimated from
the rate of transfer of F, measured by the appear-
ance in the recipient of donor ability and of
sensitivity to F-specific phage. It may also be
measured from the transfer either of a bacterial
marker forming part of a composite F' factor
(101, 109) or of the leading chromosomal marker
of an Hfr strain (233). All these methods suggest
that the efficiency of conjugation approaches
100% (61, 84, 101, 112, 116), which agrees with
the high proportion of bacteria that show F pili in
the electron microscope (22) and that are suscep-
tible to F-specific phage (23, 51, 149). The fact
that F+ and Hfr cultures are agglutinated by
F-specific antiserum (170) also demonstrates that
a large proportion of the bacteria must produce
the specific antigen. Thus, it appears that F is
expressed in virtually every F+ or Hfr bacterium;
in other words, the expression of wild-type F is
not repressed.

I, THE SEX FACTOR OF COLI
The marked difference between F and I has

two causes (Table 1). First, the conjugating ability
of ColI is subject to repression. Only 0.01 to 1%
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FIG. 1. Escherichia coli, showing F-like sex pili (S), common pili (C), andflagella (F).

of bacteria in an established ColI+ culture can
transfer the plasmid at a given time, so comprising
a low-frequency transfer (LFT) system. However,
after ColI enters a new host, it is transferred for
the next three generations with up to 100%

efficiency (174, 207) and then gives an HFT
system. During subsequent generations, donor
ability dilutes out among the multiplying bacteria
until the characteristic LFT rate of transfer is
again reached (174). The HFT state is analogous
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TRANSMISSIBLE BACTERIAL PLASMIDS

to the short-lived burst of 3-galactosidase synthe-
sis that occurs in E. coil when the structural gene
(z+) for the enzyme is transferred by conjugation
with the regulator gene (i+) to a z-1- host (179);
and the explanation is presumably the same in
each case, namely, that the expression of sex
factor activity, or z+ gene activity, is more rapid
than its repression, thus permitting full expression
in the short interval before repression is estab-
lished (33). The behavior of ColI transferred to
ColI+ recipients supports this view, for no HFT
system then results, just as no 3-galactosidase is
formed when the z+ gene is transferred to an i+
recipient. In each case, the donated gene is im-
mediately exposed to repressor formed by the
factor resident in the recipient; repression is thus
effective when the genes concerned are in the
trans position, implying that it is effected by a
cytoplasmic agent (113). Derepressed mutants of
the I factor have recently been isolated in which
conjugation function is continually expressed
(S. Edwards and G. G. Meynell, unpublished
data). The source of these factors was not Col
itself, but ColEla, known to be associated with
an I-like sex factor (153).
The second major difference between CoilI and

F is attributable to the sex pilus. The F pilus was
originally distinguished from other bacterial
appendages by its ability to adsorb isometric F
phages (23, 40). However, no I phages were
available when Coll+ cultures were first examined
by electron microscopy, and the experiments had
therefore to be performed with bacterial strains
that formed neither flagella nor common pili in
order to reveal newly formed appendages (Fig. 4).
Such strains failed to show HFT behavior when
prepared in the standard way (207), and, when the
spread of Col in the cultures was examined, it
was found to occur far more slowly than when
common pili were formed, apparently because
common pili stabilize pairs of mating cells non-
specifically (160). Once allowance was made for
the slowness of spread, satisfactory HFT cultures
could be produced and were found to contain a
characteristic pilus that was absent from LFT or
Col7 cultures. This "I pilus" differs both mor-
phologically and antigenically from the F pilus
and does not adsorb F-specific phages. The I
pilus does, however, adsorb I phages, which, in
turn, do not adsorb to F pili. I phages have so
far been isolated on only two occasions, each
time from sewage (G. G. Meynell, Proc. European
Phage Meeting, 1967, p. 14). Both isolates are
filamentous, about 50% longer than the three
filamentous F phages M13 (104), fd (103), and
Ec9 (55), and contain single-stranded DNA,
judging from staining with acridine orange. No
isometric I phages have so far been isolated. The

TABLE 2. Characters of F pill, I pill, and
common pill

Phage
Maxi- Ter- Clusters sarbed

Pill mum Axial canal minalClsesord
length knobs of pill

F I

F-like 20.0 Often seen + + + -

I-like 2.0 Rarely seen + + - +
Common 1.5 Prominent - _ _ _

(type I)

host ranges ofF and I phages are complementary,
as shown in Table 2, which also summarizes the
differences between F and I sex pili. The terminal
knobs mentioned in Table 2 are found only at the
distal end of sex pili (Fig. 3), never on common
pili (127, 129, 152); although their nature is not
clear, they cannot be basal structures or "roots"
(217). They are antigenically distinct from the
pilus (A. M. Lawn, unpublished data) and may,
perhaps, be cell wall extruded as the pilus emerges
or fragments of cell wall picked up from the
medium.

R FACTORS
fi+ Factors

When transmissible drug resistance was first
observed, the analogy with F was at once appar-
ent, for here were genetic elements which brought
about their own transfer by conjugation (222),
and, occasionally, transfer of segments of bac-
terial chromosome (210). Thus, R and F both
acted as sex factors but there were such marked
differences in their behavior that this seemed to
be the full extent of their resemblance. Conjuga-
tion with R evidently occurred far less often
than with F, since R was always transferred at
lower frequency; genetic recombinants for chro-
mosomal genes were rarely observed; and R+ cul-
tures were neither agglutinated by F-specific
antiserum nor lysed by F-specific phage. More-
over, the majority of R factors actually inhibited
F, since introduction of an R factor into an F+
strain often drastically reduced its ability to
conjugate (224) and, at the same time, abolished
agglutination by F-specific serum (100) and lysis
by F-specific phage (225). This ability to inhibit
F, named fi+ (for "fertility inhibition") by
Watanabe (227) and i+ by Hirota, was attributed
by Egawa and Hirota (62) to a cytoplasmic repres-
sor produced by the R factor which acted on F.

After reviewing these phenomena, Meynell and
Datta (148) pointed out that they might reflect,
not a difference, but a close relationship between
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F and the fi+ class of R factors. The various ob-
servations were, in fact, precisely what would be
expected if thefi+ sex factor was under the control
of a repressor determined by a regulator gene in
the R factor which also acted on F. The ability of
an fi+ R factor to repress F would thus simply
reflect its ability to repress its own sex factor.
The view that such a repressor was produced
by R factors was supported by the occurrence of
HFT cultures with R+ strains (220). Donor
ability was also increased by exposing an R+
strain to ultraviolet (UV) radiation (222), pre-
sumably owing to interference with the repressor,
as in UV induction of vegetative phage growth in
lysogenic bacteria.
The relationship between F and the fi+ sex

factors was examined by seeing whether R+F-
cells were attacked by F-specific phage, for, if
the two types of sex factor were related, they
should determine similar sex pili, and cells carry-
ing fi+ factors should therefore be susceptible to
F phage. The specificity of these phages lies in
adsorption, not in any later stage of phage growth,
since protoplasts of F- strains of E. coli K-12, as
well as of Salmonella, Shigella, and Proteus, can
be infected with RNA from phage f2 (64). Thus,
if the F pilus were produced by even a few cells
of an R+F- culture, some multiplication of F
phage should be observed. Furthermore, if pro-
duction of the pilus were correlated with expres-
sion of conjugating function, the proportion of
phage-sensitive R+ bacteria should increase in
HFT cultures in parallel with the proportion of
bacteria which can conjugate and transfer drug
resistance. Even if the pili determined by F and
by the sex factor of R were identical, the fact
that they are rarely expressed in R+ cultures
would be quite sufficient to account for the ab-
sence of visible lysis with F-specific phage. On
testing the fi+ class of R factors, they were indeed
found to give cultures containing a small propor-
tion of bacteria sensitive to the F-specific phage
MS2, and the proportion was increased in HFT
preparations (148, 149). Electron microscopy
showed that these fi+ factors determined a sex
pilus resembling the F pilus, and that the inci-
dence of piliated bacteria in different HFT cul-
tures was correlated with the frequency of resist-
ance transfer and of cells sensitive to phage MS2
(57). Among different wild-type R factors, only
those which were fi+ conferred sensitivity to F-
specific phage (129, 149); thus, F and fi+ R
factors determine the synthesis of similar pili.
At the same time, the functional relationship of
these R factors to F, as originally defined by the
fi+ character, indicates that the pilus-producing
genes in both factors are subject to the regulatory
mechanism of the R factor. Because the structural

gene for pilus synthesis in F as well as in R is
repressed by an fi+ factor, repression acts in the
trans as well as in the cis position, and must
therefore be effected by a cytoplasmic repressor
(113).

Derepressed (drd) mutants. If regulation of pilus
formation and conjugating ability is due to a
repressor, mutant R factors should occur which
fail to produce the repressor, and which therefore
conjugate at high frequency. Such a mutant
should give cultures like those of F+ bacteria,
cultures in which virtually every bacterium is
piliated, is able to conjugate, and is sensitive to
F-specific phage. Moreover, it should no longer
suppress the function of F. Egawa and Hirota
(62), while studying the action of R factors on F,
transferred the fi+ (or i+) R factor R100 to an
Hfr strain and isolated clones of bacteria which
produced genetic recombinants at the frequency
characteristic of the normal Hfr strain. These
carried a mutant R factor which no longer sup-
pressed the fertility of Hfr bacteria. Further
examination of this mutant, R100-1 (166), showed
that, besides losing its ability to repress F, the
mutant no longer repressed itself. R100-1+ F-
bacteria conjugated at a much higher frequency
than bacteria carrying wild-type R100 and could
be seen in the electron microscope to produce pili
closely resembling F pili. The cytoplasmic repres-
sor produced by the i gene of R100 was therefore
able to suppress its own pilus genes as well as
those of F, showing that R100-1 was an i- con-
stitutive mutant which failed to synthesize re-
pressor, as distinct from an oc constitutive mutant
insensitive to repressor (113). Other derepressed
mutants were isolated from another R factor, RI,
by Meynell and Datta (151), not by selecting for
loss of activity against F, but by looking directly
for variants which transferred drug resistance at
high frequency. With these mutants of RI, con-
jugation, as measured by transfer of drug resist-
ance, occurred at 300 times the frequency ob-
served with the wild type; R+F- cultures were
lysed macroscopically by the F-specific phage
MS2 with an efficiency of plating about 0.2 of
that on an F+ strain; and 50 to 90% of the bac-
teria could be seen in the electron microscope to
produce pili able to adsorb phage MS2.

Derepression could be due either to absence of
repressor or to insensitivity to repression, analo-
gous to the i- and oc mutations, respectively, in
the lactose regulatory system (113); these pos-
sibilities can be distinguished by testing the effect
of the mutant R factor on F and by examining the
effect of a second, wild-type, R factor on the
mutant. R100-1 was an i- mutant, since it no
longer repressed F, and Rldrd was shown to be of
similar kind, for it remained susceptible to the
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repressor produced by a second fi+ R factor
introduced into the same cell.

fi- Factors

Thefi- R factors do not suppress the function
of F and do not determine the production of an
F-like pilus. Their lack of effect on F could mean
either that they made no repressor (like i-
mutants of an fi+ factor) or that they made a

repressor inhibiting their own function which
had no effect on F. If the former were the case,
the efficiency of transmission offt- factors would
always be high and could not be further increased
when the factor had just entered a new host. In
general, however, ft- factors are transferred by
established cultures at no higher frequency than
fi+, and HFT systems can be produced with as
high a proportion of /b- R factors as of fi+.
Conjugation is therefore repressed with at least
some fi- factors, just as with the fi+ class. Con-
jugating ability might also be limited by defective
function, as observed with defective mutants of
F (42, 79). Thefi+ factors are manifestly repressed
since they repress F, but, although repression also
occurs with many fi- factors, there is nothing at
present to prove that others which conjugate at
low frequency may not be defective. Any re-
pressed fi- factor should yield derepressed
mutants analogous to the derepressed mutants of
fi+ R factors, and such mutants have indeed been
isolated by selecting clones of R+ bacteria which
transferred drug resistance at greatly increased
frequency (151). With these mutants, nearly 100%
of the bacteria transmitted their drug resistance
in 10 min, but, although virtually every bacterium
was expressing its conjugating function, the
cultures remained insensitive to F-specific phage.
The surface structure in these conjugating bac-
teria was therefore not the F pilus. The nature of
the structure became clear once cultures were
examined by electron microscopy (Fig. 2), for sex
pili were seen that were morphologically distinct
from F pill but which bore a close resemblance to
the I pilus already identified in HFT cultures
carrying Collb-P9 (152). Thus, the sex factor of
the fi- class of R factors appeared to be I. The
presence of the I pilus in fi- cultures was con-
firmed by the isolation of the filamentous I phage,
using a derepressed fi- R factor as indicator
(G. G. Meynell, Proc. European Phage Meeting,
1967, p. 14); this phage lysed cultures with de-
repressed fi-, but not fi+, R factors and, in
addition, grew in HFT preparations of Colla and
Collb.

OTHER TRANSMISSIBLE PLASMIDS

The various transmissible plasmids recognized
in the Enterobacteriaceae made their first appear-

ance associated with bacterial characters that
were found to be passed from cell to cell in
mixed culture. Each of these plasmids must there-
fore possess its own sex factor, and, since this is
linked to an associated character, they are
analogous to F' derivatives of F (110). Prominent
among such transmissible plasmids are the Cot
factors, notably ColV, ColB, and Coll (75).
There are also several other isolates of various
kinds: the Fo-lac factor was originally detected in
a strain of Salmonella typhi observed to ferment
lactose (15) and P-lac was detected in the same
way in a strain of Proteus mirabilis (69). A
surface antigen, the K88 antigen, composed of a
protein with hemagglutinating activity (173, 204,
205) present in strains of E. coli causing enteritis
in pigs, is determined by a plasmid with sex
factor activity (172, 202); a soluble hemolysin
commonly found in strains of E. coil pathogenic
for pigs, as well as an enterotoxin causing edema
of the pig gut, are also determined by extra-
chromosomal transmissible genetic elements,
known respectively as Hly (202) and Ent (H. W.
Smith, J. Gen. Microbiol., in press).

Col Factors
Among the Col factors which are transmissible,

and which thus comprise sex factors, are ColV-
K30; ColV-K94 [also found to determine produc-
tion of an I colicin, so that it should perhaps be
designated ColV,I-K94 (161, 162)]; Co1V,B-
K260; ColB-K77; ColB-K98; Colib-P9 [as well
as 20 similar factors from wild strains of S.
typhimurium (177)]; ColIa-CA53 (209); ColEla
(136); ColEl-K30, transmissible in S. typhimurium
(136, 177) but not in E. coli (35, 117); and deter-
minants found in a variety of wild strains of
enterobacteria for the production of colicins B,
E, I, K, and V (74). The factors ColV-K30 (117,
141), ColV-K94 (117, 118, 141, 163), and ColV,B-
K260 (77) have so many of the characteristics of
F that they might result from an association be-
tween F and the colicin determinants (76), but
the others appeared superficially to be sex factors
of a different kind. However, the study of R
factors has shown that sex factors may be closely
related to F even when they exhibit few of the
characteristics of F itself. The relationship is
exposed by the phenomenon of F-inhibition (the
fi character); Col factors with sex factor activity
can also be classified as fi+ or F-like, on the one
hand, or as fi- and unrelated to F, on the other.
ColB is F-like because ColB-K98 is fi+, as it
suppresses the fertility of F+ and Hfr strains
(180), and F- cultures carrying ColB-K77 or
ColB-K166 propagate the F-specific phage, MS2,
and evidently contain a proportion of cells pro-
ducing an F-like pilus (150). Increase of phage
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MS2 is also observed in many other, but not all,
colicinogenic strains (150). The rate of transfer
of Co1V-K94 from a Col+ to a Col- population is
equal to that of F, and that of ColV-K30 is very

nearly as high. Also, the F-specific RNA phage
,U2 produces plaques on K-12 strains carrying
ColV-K94 and ColV-K30 with an efficiency of
plating of 1 and 0.2, respectively (141). Bacteria
carrying ColV-K94 produce pili to which both
isometric and filamentous F-specific phages attach
(29). Thus, these ColV and ColB factors carry
the gene determining production of an F-like sex

pilus, but, whereas ColV, like F, is derepressed,
ColB resembles fi+ R factors in producing a

repressor regulating the activity of the genes for
pilus formation in F as well as in itself.

ColIb-P9, ColIa-CA53, and ColEl-K30 do not
repress F (35, 163, 164) and, although they can

act as sex factors (136, 159, 163, 177), do not
confer sensitivity to F phages (129, 150). They
are thus fl-. ColIb-P9 constitutes the prototype
for the class of I-like sex factors and its pilus was

the first to be identified (152).
ColEla is also associated with an I-like sex

pilus (Fig. 6; 153). When derepressed mutants
were isolated, it was clear that the determinants
for colicin production and the I-like sex factor
were unlinked, just as ColE2 and Coll may co-

exist in one strain. In the case of ColEla, how-
ever, its accompanying I-like sex factor did not
determine colicinogeny or any other incidental
character, and was thus comparable to F (S.
Edwards and G. G. Meynell, unpublished data).

Other Plasmids

The sex factors associated with other trans-
missible characters can be tested for their fi

character in the same way as those associated
with antibiotic resistance or colicin production,
as well as for their ability to determine the pro-
duction of an F-like or I-like sex pilus. The Hly
and Ent factors, responsible for production of a

soluble hemolysin and an enterotoxin, respectively,
and at least one factor determining the K88
antigen, all repress F (202), and Hly and Ent also
determine the receptor for F-specific phage (129).
Fo-lac appeared in a lactose-fermenting strain of
S. typhi, which transmitted this character to other
members of the Enterobacteriaceae (65). F+
cultures carrying Fo-lac are still lysed by F-spe-
cific phage, but, although Fo-lac itself determines
the synthesis of a pilus (22) which can be seen
on up to 50% of the bacteria (129), the cultures
are not lysed by isometric F phage (65). This
does not mean that the Fo-lac pilus is entirely
different from the F pilus, however, for cultures
are lysed by the F-specific filamentous phage
M13. Electron microscopy shows that the iso-

metric phage does not attach to the side of the
pilus, although the filamentous phage adsorbs to
the tip (129).

Lederberg, Cavalli, and Lederberg (132) re-
ported that 40 of 2,000 wild strains of E. coli
showed some degree of fertility with a K-12 F-
recipient, and some donated an agent which con-
verted the recipient into a genetic donor. Two
of these strains, WG3 and WG4, were later
respectively shown by Bernstein (18) to restore
fertility to, or give recombinants with, the defec-
tive F+ strain 58.161/sp (96, 150) and an F-
strain. Qrskov and Qrskov (171) found that 5 of
275 wild strains of E. coli gave recombinants with
F- bacteria; Furness and Rowley (78) likewise
described eight strains of E. coli which converted
either strain 58.1611sp or an F- strain to fertility
after growth in mixed culture. Bacteria sensitive
to F-specific phage MS2 were detected in strains
WG3 and WG4 as well as in four of the latter
strains (150), which thus evidently carried sex
factors related to F. Anderson and Lewis (10)
isolated a sex factor from strains of S. typhimur-
ium whose presence they detected by a change in
phage type. Like other sex factors such as F and
ColI, it brings about the transfer of plasmids
which are in themselves nontransmissible.

RESUME
The relationship between different sex factors

can therefore be assessed by, first, the specificity
of the mechanisms controlling synthesis of the
sex pilus, and, second, the properties of the sex
pili themselves as revealed by their morphology,
capacity to adsorb F and I phages, and antigenic
structure (Tables 2 and 3). Other criteria are
described in subsequent sections, but this is a
convenient point at which to summarize the
results directly relating to the pilus.

TABLE 3. Reactions of sex pili with donor-specific
phages and with antiseruma

Phage Antiserum to
Pilus

F I F ColV R1 R144

F......+.++ + + -
ColV..... + - + +
F-lac......+ + + -
Fo-lac ....... + +
R1 (fi+)......+ - + + _
ColIb-P9 - + - - +
R64 (fi-).....- + - +
R144 (fl-) - + - - +

a Minus signs mean that no antibody was seen
on pili when serum was used at a concentration
considerably higher than that giving a + reaction
with homologous pili.
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It will be appreciated that, unless sex pili are
produced by the majority of the bacteria, the
culture will fail to plate sex phages, since any
potential plaques will be overgrown by non-
piliated cells. Derepressed cultures, either de-
repressed mutants or HFT preparations of wild-
type repressed plasmids, are also needed for
electron microscopy. Although the antigens of the
sex pili determined by F and the closely related
R100-1 have been examined by agglutination
tests (100, 192, 193), following the pioneer work
of Qrskov and Qrskov on the F pilus (170),
direct observation of the union of antibody and
pilus by electron microscopy (106, 128, 129) has
considerable advantages (Fig. 7, 8). The specificity
of the reaction is evident immediately, antisera
no longer need to be absorbed, and the tests can
be performed on cultures which agglutinate
spontaneously, a serious difficulty encountered
with many derepressed mutants in conventional
agglutination tests (100, 129, 151). Furthermore,
the tests require little antiserum since they can be
performed entirely on the microscope grid (128).
Fewer factors have yet been analyzed by serologi-
cal means than with phage, but the relationships
apparent in Table 3 are consistent with those
deduced from the other tests.

Repressed cultures can nevertheless be ex-
amined, by looking for an increase in titer follow-
ing addition of F-specific or I-specific phage.
Some 60 plasmids have been tested, all of inde-
pendent origin so far as is known (129). Their
bacterial hosts fell into four classes (Table 4), of
which the first two corresponded to the presence
of typical F-like and I-like factors, respectively.
The first (F-like) contained a majority of fi+ R
factors, no fl- factors, and 10 other plasmids:
F, Fo-lac, ColV-K94, ColV-K30, ColB-K77, Hly,
Ent, K88, and the sex factors of strains WG3 and
WG4 (18). The second (I-like) contained 20fi- R
factors and 6 other plasmids: ColIa-CA53 -CT2,
ColIb-P9, -CT4, and the I-like sex factor accom-
panying ColEla-16, -18. It also contained one fi+
R factor, R62. The third class of cultures prop-
agated both F and I phages, and carried both an
F-like and an I-like factor; probably, the strain
carrying R62 really belongs to this class and
carries an I-like factor in addition to one which is
fi+ but does not give an increase of F phage. The
fourth class propagated neither F nor I phages.
Here (as well as in the case of the fi+ R62), the
sex factors may have been of other types, but the
behavior of these cultures is also explicable by
severe repression, so that too few pili were formed
for an increase of phage to be detectable, or by
the formation of a variant pilus. The effect of
repression is illustrated by R64, for the behavior
of derepressed R64 shows this factor to be I-like

but its nature is not evident from tests made with
repressed wild-type cultures, for so few pili are
produced that no increase can be detected. An ex-
ample of a variant pilus is provided by FO-lac,
whose pilus is F-like in appearance, antigenic
structure, and adsorption of the filamentous
phage, M13, yet fails to adsorb the isometric
phage MS2 (65, 129). Minor differences in pilus
structure are reflected by a drop in efficiency of
plating of isometric F phage and by heterogeneity
in plaque diameter, in contrast to a reduction in
the proportion of piliated cells which quickly
abolishes plaque formation entirely (150). A
difference between the pili determined by F and
by R100-1 was detected in this way, in agreement
with the electron microscopical observation that
fewer phage particles attached to R100-1 pili
(166). It may be that the pili of ColV-K30 also
differ slightly from those of F, for, here too, F
phage plated less efficiently on the Col+ culture
(141).

In general, however, RNA phages such as the
isometric phage MS2 are greatly to be preferred
in these experiments to DNA phages like the
filamentous F or I phages, which are liable to
restriction (13) imposed by many R factors (S.
Austin, in preparation). Unfortunately, no RNA
I phages have yet been isolated, and failure of a
strain to propagate the filamentous I phage
might therefore be due to restriction, not to ab-
sence of the I pilus.
To use sex pili for identifying sex factors in

different bacterial strains is to assume that the
structure of the pilus is unaffected by the host.
All the present evidence, and also that derived
from the study of a number of plasmid-
determined enzymes (32, 50, 68, 196), suggests
that the protein determined by a given gene is the
same, regardless of the bacterial species. Yet, it
should be mentioned that Sekijima and Iseki
(192) found minor differences in the F pili formed
by Salmonella paratyphi B and E. coli, using
agglutination tests with cross-absorbed sera; they
also observed the same phenomenon with R100-1
(193), although it is not clear how spontaneous
agglutination of the cultures (100) was overcome.
The host may certainly affect the expression of
plasmid genes: those determining f-galactosidase
formation in Fo-lac (68) and P-lac (232) are not
regulated as efficiently in Proteus as in E. coli;
in addition, F+cultures of different species or
strains, or even different lines of E. coli K-12,
differ widely in the extent to which pili are formed,
as shown by differences in donor ability (235) and
in sensitivity to F-phage (39, 53, 54).
With the exception of F and ColV, all wild-

type factors appear to be repressed, and there are
two reasons which might account for this. First,
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FIG. 2. I-like sex pili determined by the derepressedfib R factor, 144-3.
FIG. 3. Terminal knob on an F-like sex pilus determined by RL.
FIG. 4. Mutant of Salmonella typhimurium unable to form flagella or common pili, with two clusters of I pili

determined by ColIb-P9.
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FIG. 7. Cell from an HFT preparation of ColEla-16 after exposure to antiserum for the fi- R factor, 144. On
the right are a number of common piti; on the left are several I-like sex pili coated with antibody. Preparation
negatively stained with uranyl acetate (128).

FIG. 8. Three I-like sex pihi, one of which has adsorbed the filamentous I phage, Iff. The phage is labeled with
antibody (128), and its junction with the pitus is indicated by the arrow.

strains carrying derepressed mutants of R factors
or of I grow noticeably more slowly than those
with the wild-type plasmid, just as do strains fully
induced for an enzyme like f-galactosidase (167,
178), possibly because a significant fraction of the
cell's syntheses is diverted to a product irrelevant to
growth. This effect is not apparent, however, with

F and ColV, whose cultures grow as fast as those
of F- Col- strains. Second, repressed sex factors
are likely to be the more abundant because the
majority of cells produce no sex pili and are there-
fore resistant to donor-specific phages. The
abundance of these phages is in turn explained by
the relatively high incidence of repressed sex fac-
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TABLE 4. Ability of cultures carrying various
transmissible plasmids to propagate F and

I phages

Phage propagated Cultures carrying

R factor
Fphage _____ph_____Col factors and otherF phage I phage transmissible plasmids

fi+ fi-

+ I la 0 10o
+ lb 20e 6h

+ + 5c 0 0
- 2d 6f 0

a R1, 28, 36, 51 52, 82, 100-ldrd, 124, 136, 192drd,
312.

b R62.
c R2, 73, 77, 114, 196.
d R27, 128.
e R39, 56, 64drd, 92, 342drd, 143, 144drd, 145,

163, 183, 293, 296, 297, 298, 299, 302, 306, 307,
308, 313.

f R45, 46, 199, 300, 305, 310.
a F, Fo-lac, Hly, Ent, WG3, WG4, Co1V-K94,

-K30, Co1B-K77, -K166.
h ColIa-CA53, -CT2, ColIb-P9, -CT4, ColEla-

16, -18.

TABLE 5. Incidence of fi+ and fi- R factors in 206
strains of Salmonella and Escherichia coli

isolated from natural sources

Strains Series' fi+ fi Total

Salmonella 1 30 70 83
2 35 65 34

E. coli 1 80 20 50
2 74 26 39

a Series 1 was isolated in England (Datta, un-
published data), and series 2 in Italy (E. Romero,
personal communication).

tors which give a continuous supply of piliated
bacteria to support phage growth.
The relative incidence offi+ andfi- R factors is

different in naturally occurring strains of Escher-
ichia and Salmonella. Table 5 shows that fi+
factors are found more commonly in E. coli; fi-
factors predominate in S. typhimurium, which
agrees with the observation that, although many
different Col factors, F-like as well as I-like, are
present in E. coli (86), ColI and ColE are almost
the only ones found in Salmonella (87). This may
be due to differing stability in the two hosts, for,
in the laboratory, F is more readily lost from
Salmonella than from E. coli (E. Meynell, un-
published data), and ColK and ColB are unstable
in Salmonella, whereas Coll, ColEl, and ColE2

are stable (177). The overall incidence of fi- R
factors is higher than appears in Table 5, for 5 to
10% of strains carrying an fi+ factor also carry
one which is fib and whose presence is masked
when the fi character of the strain is tested (129;
Romero and Meynell, in preparation). Tanaka et
al. (213) also found a high proportion of strains
with two R factors, probably fi+ and fi-.

OTHER CRITERIA FOR CLASSIFICATION

The degrees of relationship between plasmids
can be further assessed by a variety of means,
which have so far been applied to only a limited
extent. The most direct is a comparison of their
DNA base ratios. Another is to determine
whether pairs of plasmids exhibit superinfection
immunity, as shown by their inability to co-
exist stably in the same strain. A different form of
interaction which can be examined is the ability
of one sex factor to restore the function of another
that is defective, whether autonomous or inte-
grated, by recombination of their genomes or by
complementation. The actual patterns of recom-
bination between plasmid and host chromosome,
or between plasmid and plasmid, serve to demon-
strate regions of genetic homology and, hence,
relationship.

Base Ratios

Biophysical studies show that R factors do not
differ greatly in size from F or the smallest F'
factors, having a molecular weight of 2 x 107,
equivalent to about 1% of the chromosome of E.
coli (56, 66, 67, 145, 186, 219). Isopycnic density
gradient centrifugation in CsCl indicates that
nine-tenths of the DNA of F has 50% guanine-
cytosine (GC), like the chromosome of Escher-
ichia, Shigella, and Salmonella, whereas the
remaining one-tenth has 44% GC (66, 186). All
R factors examined contain some DNA with 50
to 52% GC, pointing to an evolutionary rela-
tionship (186), but the size of this fraction differs
enormously from one factor to another. Thus,
R4 of Mitsuhashi contains equal amounts of 58
and 52% GC, whereas Watanabe's R222 has 85
and 15% of these components, respectively (186).
The loss of resistance genes by certain R factors is
accompanied by changes in density which indicate
that the gene determining tetracycline resistance is
50% GC, whereas those for resistance either to
chloramphenicol alone, or to a complex of
sulfonamide, streptomycin, and chloramphenicol,
consist of DNA with 56% GC, similar to the
chromosome of such species as Aerobacter,
Klebsiella, or Serratia. The presence of 56% GC
DNA appeared to be correlated with chloram-
phenicol resistance in a series of different wild-
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type R factors (67), and, since it is universally
recognized that chloramphenicol resistance is
present only on fi+ (or F-like) R factors, it was
perhaps surprising that it should be found only
with a DNA so unlike that of F. However, the
correlation broke down in the case of one R
factor, for all its known functions, including
chloramphenicol resistance, were retained after
loss of the 56% GC fraction (186). Few analyses
ofDNA have been made for Col factors. Coll and
ColE1 are known to be of comparable size; ColE2
is smaller (197) and ColEl consists ofDNA of the
same density as the chromosome of E. coil (231).
P-lac consists, either wholly or in large part, of
50% GC DNA, but, unlike F (66), it shows no
hybridization with E. coli DNA (232).
The great difference in base composition of in-

dividual R factors shows clearly that GC content
cannot be correlated in a simple fashion with, for
example, the fi character of the plasmid. The
heterogeneity may, indeed, be the outcome of
multiple origins and of repeated genetic recom-
bination between factors carried by the same cell,
as suggested by Falkow (67), for recombination
can readily be observed in the laboratory.

Superinfection Immunity
The most obvious example of this phenomenon

is the immunity shown by a lysogenic strain to
infection by phages related to its prophage. With
phage X or P2, the superinfecting phage enters the
immune cell but, being unable to replicate, is
diluted out during bacterial multiplication (19,
109); in addition, the behavior of phage P22
shows that the superinfecting phage genes may
disappear and are said to be excluded (218). Both
exclusion and suppression of multiplication occur
with transmissible plasmids that are related (41,
61, 189). This is most clearly seen when an F-lack
donor is crossed with a lac- F+ (or Hfr) recipient,
when the fraction of recipients expressing lac+
is only 1 to 2% of that observed with an F-
recipient. Moreover, the lac+ gene is not con-
tinuously replicated in the vast majority of the F+
cells which express it, since the colonies on lactose
indicator medium are sectored instead of being
homogeneously lac+ (189). Although exclusion
can be transiently overcome by starving an F+
recipient to produce an "F- phenocopy" (132),
its cause is at present unknown. It is not due to
repulsionbetweentheF pili of donor and recipient
since F pili are often absent; moreover, the same
phenomenon occurs in crosses with an LFT Coll
recipient culture (203; G. G. Meynell, unpub-
lished data) in which I pili are formed by less
than 0.1% of the cells (152). A possible explana-
tion is that the recipient normally contributes a
function essential to an early stage in transfer

which is repressed if it carries the plasmid, and
which is derepressed nonspecifically by starvation
in the same way as starvation removes the ability
of a strain to restrict unmodified DNA (135, 137).
The subsequent failure of inheritance of F-lac

in an F+ recipient which leads to sectored colonies
can be interpreted by the "replicon model" (111,
112). This postulates that genes, in order to repli-
cate, must be part of a genetic unit, the replicon,
which occupies a unique intracellular specific site
where replication can be initiated, probably on
the cell membrane. Different kinds of plasmid
have different sites and therefore do not interfere
with each other's continued existence within the
cell. There appears to be only one copy of F per
chromosome, judging from (i) a comparison of
the relative amounts of F and chromosomal
DNA, with the amount of DNA in a single copy
of the F factor (56, 66, 67, 145, 186); (ii) the level
of 0-galactosidase synthesis, which is approxi-
mately doubled when a lac+ cell also carries F-
lac+ (112); and (iii) the manner in which thermo-
sensitive F-lac+ disappears from a culture growing
at a temperature sufficient to inhibit its replication
(46).
The relationship between different plasmids can

therefore be assessed by superinfection experi-
ments, though it will be seen that, if the donated
plasmid does not determine an easily recognized
character, like lac+, and is not stably expressed by
the recipient, it may be impossible to know
whether immunity results from exclusion or from
inhibition of replication.
No R factor, whether fi+ or fi-, has yet been

described that cannot exist stably with F. The
difference in frequency of transfer to F+ and F-
recipients is only two- to fivefold (222, 224).
Thus, despite the relationship between F and the
sex factors of fi+ R factors indicated by cross-
repression and the structure of their sex pili,
these plasmids do not exhibit superinfection
immunity. On the other hand, immunity is evi-
dent with most pairs of wild-type R factors when
both members arefi+ orfi- (156, 227; E. Meynell,
unpublished data). Similarly, R factors conferring
resistance to several drugs yield segregants lack-
ing one or more of the resistances (158, 226), and
each segregant of this kind which retains sex
factor activity lowers the ability of the host to
accept the other (224). When a particular pair of
R factors behaves in this way, both may neverthe-
less coexist unstably if the medium contains a
combination of the drugs selective for each (155,
156, 227). Under these conditions, both factors
are probably maintained simultaneously by con-
stant reinfection within the culture; if one or both
drugs are omitted, segregant bacteria immediately
emerge, carrying only one of the factors. Ulti-
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mately, stable cultures resistant to all the drugs
appear in which all the resistance genes are evi-
dently present in a single recombinant factor, for,
whenever this possibility has been tested, all the
resistances are transduced as one physical unit by
phage P1 (156, 227). Recombination of this kind
is reported to occur between two fi+, but not be-
tween anfi+ and anfi- factor (223, 227); however,
this may mean no more than that recombination
could not be detected with the latter because these
factors can coexist without inhibition, so that
there is no selection for the emergence of a
recombinant.
The sex factor of ColV, which resembles F in

occurring naturally in the derepressed state, also
shows itself to be closely related to F on the basis
of superinfection immunity (117, 118). F excludes
ColV3-K30, and CoIV2-K94 excludes F from an
F+ but not from an Hfr strain (141) in which F is
integrated with the bacterial chromosome. With
certain combinations of F and ColV, a fraction of
bacteria emerge which carry both factors stably
(41, 61, 141), but it is not yet certain that the
bacterium and factors are not variants of the
original.
The data concerning other transmissible plas-

mids are not extensive. Transfer of Fo-lac to F+
or Hfr cells is reduced about 100-fold (65), but,
once it is accepted, both factors can evidently be
stably carried by the cell. F and ColI can coexist
stably together (159). There are two forms of Coll
factor, ColIa and ColIb (206), each of which con-
fers resistance to superinfection with the other; a
doubly colicinogenic lalb clone has never been
obtained. Judged by the rate of transfer of the
nontransmissible plasmid, ColE2, from an HFT
ColIa culture to a ColIb recipient, the frequency
of conjugation is about 0.001% of that with a
Col- recipient (G. G. Meynell, unpublished data).
The rate of transfer of ColEla, mediated by an
I-like sex factor, is similarly lessened if the recipi-
ent carries Coll, and vice versa (153). CoIX and
ColK can coexist, but either is eliminated from a
proportion of bacteria that receive certain R fac-
tors (120).
A considerable number of plasmids can be

carried simultaneously, provided they are not of a
kind which specifically interfere with one another.
For example, Dubnau and Stocker (58) described
a culture of S. typhimurium carrying F (integrated
in the chromosome), Collb-P9, ColE1-K30, Col-
E2-P9, and R2; cultures have been obtained with
Hly, Ent, K88, and R factors (H. W. Smith, J.
Gen. Microbiol., in press) and with an R factor,
two Col factors, and a surface antigen factor (92).
When the chromosome and F in an F+ culture

are distributed at cell division, either the old or the
new copies of each are jointly inherited by the

same daughter cell, providing direct evidence for a
single "unit of transmission," which is likely to be
the region of the cell membrane containing the
replication sites for the two individual replicons.
Extension of the cell membrane during growth
would, therefore, apportion the copies between
the daughter cells (47, 112), There is nothing to
suggest any fundamental difference between one
sex factor and another in the way in which they
ensure their inheritance, and thus it is probable
that this unit of transmission can carry more
replicating structures thanF and the chromosome.
Nevertheless, the membrane does not appear to
have an unlimited capacity to accommodate
different replicons, judging from the relatively few
combinations of different plasmids which readily
coexist in the same cell.

Restriction. In addition to the exclusion associ-
ated with superinfection immunity, the fate of
foreign DNA donated to a plasmid-carrying strain
is subject to restriction (12). The particular case of
restriction of phage DNA is well known in con-
nection with strains lysogenized by temperate
phage, but it is found equally commonly with
those carrying plasmids like F(53, 54, 85, 99,
142, 191, 236), Col factors (209, 229), and many
R factors (14, 195, 228, 230, 234). This is of con-
siderable clinical importance in the phage-typing
of Salmonella (9, 71) in which the diagnostic pat-
terns of sensitivity and resistance are largely due
to phage- or plasmid-determined restrictions and
may therefore be altered if the test strain has
acquired an R factor or some other transmissible
plasmid (6, 11, 82, 83). Tests for restriction of a
number of phages by different R factors show that,
although there is a tendency for certain combina-
tions to be affected together, the patterns of
restriction are in general different from one R fac-
tor to another and are not particularly associated
with whether the R factor is F-like or I-like.
Table 6, taken from unpublished results kindly
provided by D. Bannister, illustrates this point.
Little is known of how the restrictions are
brought about, or whether the mechanism is the
same as with the r+ gene of the bacterium (38),
although Watanabe et al. (211, 230) showed
that, with certain R factors, the phage DNA
penetrates the cell only to be broken down.

Genetic Interactions Leading to
Chromosomal Transfer

R factors (210) and other plasmids like Coll
(175) and K88 (172) bring about gene transfer
leading to recombination between F- bacteria.
Current models for chromosome transfer are
derived almost entirely from experiments with the
F factor, and transfer is generally believed to
depend on integration of the sex factor with the
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TABLE 6. Phage restrictions by R factorsa

Phage ~~~~~No.ofPhage R factors

X 080 P1 P2 _' T3 BF23 W31 f_+ ji-

+ + ++ + 0 1
+ _ _ _+ + 3 3
+ +-+- ---1 0
+ + ... 4 1

+ -2 1
+ 2 1

- + - -+ 1 0
that on the -htSrsf+ + 4 12
-(4) -F3 (209) andW++ + 1 2

+ + 0 1
two - -+ + + 2 2
+ - -+ + + + 0 3

100

Restriction was recorded as + when the effi-
ciency of plating of the phage was IO-- or less of
that on the R- host. Sources of phages: 4)80 (147),
4)(54), BF23 (209), and W31 (229).

chromosome, following a crossover between the
two circular genomes of bacterium and F (2, 27,
28, 115, 190, 215), and preceded by pairing de-
pendent on a homology in structure (66). Since F,
or many temperate phages, can integrate at only
relatively few points in the bacterial chromosome,
integration exhibits specificity. Relationships
between different plasmids may therefore be re-
vealed by their relative proneness to integration
and by the sites at which integration can occur,
as reflected by the recombination rate and by the
incidence of particular recombinant classes,
respectively.
When comparing recombination rates, it should

be remembered that these are necessarily deter-
mined in part by the rate of conjugation. A dis-
tinction has often been drawn between R factors
and Col, with which recombination is infrequent
[less than 10-7 per donor cell (210)], and F, for
which the rates are far higher [10-4 to 10-5 per
donor cell (2)]. However, with F or ColV, almost
every bacterium of the donor strain can conjugate,
whereas other sex factors are repressed and
conjugation occurs with only 10-2 to 10-4 of the
cells at any one time. Other things being equal,
when conjugation itself is infrequent, the numbers
of genetic recombinants will be correspondingly
small. To detect specific differences in chromo-
some transfer, recombination rates should be
standardized in terms of the rates of conjugation.
This is difficult to do precisely with wild-type R
or Col factors because recombination rates are so
small, but can readily be done with factors that

are derepressed, either naturally or following
mutation.
The interpretation of recombination experi-

ments is based almost entirely on analyses of F+
and Hfr matings. In an Hfr culture, integration of
the sex factor is stable, whereas the donorability of
an F+ culture results from occasional integration
of the sex factor to produce a variety of Hfr
variants in the donor culture (114). Although not
all recombinants produced by an F+ culture are
derived from stable Hfr variants of long standing
(181), chromosome transfer has never been shown
to occur in any way other than by physical con-
tinuity between chromosome and sex factor. Ten
to fifteen homologous regions exist in the E. coli
chromosome, judging from the number of stable
Hfr variants that can be isolated with different
polarities of transfer (25, 146).

Little is known of the degree of homology be-
tween R factors and the chromosome. Pearce and
Meynell (J. Gen. Microbiol., in press) examined
Rldrd, an F-like R factor, and Meynell and Cooke
(in preparation) examined four others, another F-
like factor, R192drd, and three I-like factors,
R64drd, R144drd, and R163drd. An F+ donor
population gives approximately equal numbers of
recombinants for all donor markers (233); the
last four R factors were nearly as efficient as F in
giving recombinants for various genes distributed
around the chromosome (Table 7). However,
Rldrd was remarkable and provided direct evi-
dence for integration in the same way as an F'
factor (2): it gave about as many recombinants as
F for genes outside the trp region, but about 30
times more for pyrF trp purB, which were trans-
ferred in ordered fashion from a fixed origin,
exactly as by an Hfr strain. Chromosomal donors
also transferred the R factor, just as bacteria
carrying an F' factor transfer the autonomous
factor as well as the region of chromosome deter-
mined by the integrated F' (2, 43). Rldrd thus
appears as a genetic element with particular
affinity for a specific chromosomal site, which it
probably acquired in the same way as an F'
factor, by recombination near the trp region of the
chromosome of a previous host (1, 188). Crossing-
over leading to insertion or release of a factor
(190) occurs more frequently with F' than with F,
and the stability of F' factors in either the inte-
grated or the autonomous states is inversely re-
lated to the length of the homologous region pro-
vided by the incorporated segment of bacterial
chromosome (2). Rldrd alternates rapidly be-
tween integration and autonomy, suggesting a
considerable length of Rldrd to be homologous
with the chromosome. Homology was associated
with the sex factor rather than with the resistance
genes, and it is of interest that Rldrd integrated
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TABLE 7. Relative frequenciesa of different classes of recombinant obtained with different sex factors
(Meynell and Cooke, unpublished data)

Recombinants
Donor strain Autonomous sex factor

pro his crp

58.161 F 1 1 1
(1.8 X 105) (106) (1.6 X 10-6)

Rldrd 1 0.25 30
R192drd 0.48 1 0.45
R64drd 0.78 1 2.2
R144drd 1 1 6.5
R163drd 0.7 2 1.3

HfrC (F integrated near pro) None 1 1 1
(5.5 X 10-2) (10-5) (2.3 X 10-5)

HfrCdr (defective F near.,pro) None 5 X 105 < 103 < 103
Rldrd 0.11 5 100
R192drd 5.5 X 104 1.7 1
R64drd 0.15 6 4
R144drd 1.3 X 103 2.2 4
R163drd 2.4 X 104 1 1

a Frequencies are expressed in relation to F and to HfrC in the upper and lower parts of the table, respec-
tively. The actual frequencies for F and HfrC are shown in parentheses.
at one of the chromosomal sites where F inte-
grates to give the strain HfrB1O (25). No bacterial
characters are known to be determined by genes
in this part of the chromosome, and thus it was
not possible to detect chromosomal genes in-
corporated in the autonomous RI, as has been
possible with F' factors like F-lac (110) or F-gal
(101).
With RI, R192, R64, R144, and R163, chromo-

some transfer proceeded almost as readily as
with F, once the limitation on conjugation was
removed by the use of derepressed mutants. The
same was also true of the derepressed R factor,
R100-1, which gave chromosomal recombinants
at 1I0 times the frequency with which the R
factor itself was transferred (99); the ability of
R100-1 to give chromosomal recombinants could
not be separated by mutation from the ability to
bring about conjugation (99).
The F-like col factor, ColV, is derepressed in

its wild-type state and resembles F so closely that
it would be expected to be associated with the
same pattern of chromosomal transfer. However,
testing only pro and his, Kahn and Helinski (117)
found that ColV-K94 gave 40 to 65% as many
pro recombinants as F but only 5 to 10% as many
for his. Macfarren and Clowes (141) found an
even greater difference, for, with both ColV2-
K94 and ColV3-K30, the frequencies of recom-
binants for three well-separated genes, pro, his,
and trp, were all of the order of 5 X 10-7 to
5 x 10-6, instead of about 10-i as with F.
Recombination with Coll has not yet been

measured with the derepressed factor, but wild-
type Coll gives genetic recombinants at a fre-
quency of about 10-8 (175). If the donor also
carries ColEl, the frequency is increased 10-fold
in S. typhimurium, but not in E. coli. All donor
markers are transferred with equal frequency, and
there is at present no evidence that conjugation is
the result of integration with the chromosome
(37).

Recombination Between Plasmids and Ability to
Effect Each Other's Transfer

Relationships between plasmids might be
shown in two ways: by genetic recombination, or
by functional similarity sufficient for one to make
good a mutational defect in the other. In practice,
it is often difficult to decide which mechanism is
responsible for a positive effect, as immediately
becomes clear on considering defective F or the
co-transfer of otherwise nontransmissible plas-
mids, like ColE2.

Interactions between sex factors. F+ or Hfr
strains carrying defective F factors can be selected
either by insensitivity to F phage or by failure to
give genetic recombinants; both characters are
simultaneously affected, as a result of failure to
produce the F pilus (34, 42, 45, 79, 96, 99, 133,
150, 165, 199). Mutants have occasionally been
mentioned in which genetic transfer is affected
without loss of F phage sensitivity (112), or in
which phage sensitivity is lost without loss of
donor ability; the actual transfer of genetic
material is affected in the first kind, but, in the
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second, failure to show macroscopic lysis may
simply reflect a very small reduction in the pro-
portion of piliated bacteria (150) not sufficient to
produce a noticeable decrease in genetic recom-
binants. With certain mutants, the phage cannot
infect, although it can adsorb (198; Curtiss and
Caro, unpublished data). Attempts to analyze
the steps in pilus production are complicated by
the difficulty of obtaining bacteria simultaneously
carrying more than one F factor, but defective
Hfr strains have had their function restored when
it has been possible to infect them with a second
F factor (44). Such tests are more readily made
with combinations of F and R factors which can
coexist in the same cell, and the F-like factor,
R100-1, has been shown to restore fertility to de-
fective-F+ or Hfr strains (99, 166) with production
of F pili (which can be distinguished from R100-1
pili by their affinity for F-specific phage).

Similar defective mutants of an R factor can be
isolated if it is first derepressed; defective mutants
of R100-1 have been isolated by selecting for
lessened ability either to bring about their own
transfer or to give chromosomal recombinants
(99). Certain pairs of these defective mutants of
R100-1 restored function to each other, and most
of them restored the function of defective F
mutants (99, 166).
On the other hand, there is no restoration of F

pilus production when a cell carrying a defective
F mutant is infected with an fi- R factor; if the
fi- R factor is itself derepressed, I pili can be seen,
but not F pili.

Interactions between sex factors can be ex-
amined with Hfr strains defective in conjugation,
which are of two kinds. The first results from a
mutation in the integrated F factor, and can be
selected, as just described, by resistance to F-spe-
cific phage. The second is formed during detach-
ment of an F factor, when the crossover, instead
of occurring between F and the adjoining chromo-
some, takes place within the F factor itself. After
such a strain has lost the resulting F' by segrega-
tion, its chromosome still possesses a fragment of
F at the original site (1, 184). When F is reintro-
duced, the integrated remnant provides a region
of homology (an sfa or "sex factor affinity" locus)
at which F integrates preferentially to reconstitute
an Hfr strain with the original polarity of transfer.

Different sex factors can be tested for their
ability to restore transfer with the original
polarity to nonfunctional Hfr strains of either
kind, but there are at least three ways in which
restoration could be brought about. If the original
polarity were restored by any type of sex factor,
whether F-like or I-like, the intact factor could
simply be acting nonspecifically by providing a
functional conjugation bridge, and the stimulus
to transfer in the inserted F factor would then be

independent of the nature of the link between
donor and recipient. Second, a factor (most
probably one belonging to the F-like group)
might replace the defect in the integrated F factor,
so that the latter once more brought about the
production of its own F pilus and conjugation
bridge. Lastly, the original polarity of transfer
would be restored by any factor possessing suffi-
cient homology with F to favor its own integra-
tion within the integrated F in preference to
chromosomal sites elsewhere. If, as suggested for
F, transfer is determined by attachment of the
integrated sex factor near the base of the sex pilus
(22, 47, 111, 112) and if union with the recipient
stimulates the replicator of the sex factor to pro-
duce the free end of newly synthesised DNA
which is donated (2, 81), the leading end, or
origin, of the donated chromosome must lie, not
only within a sex factor, but within the actual
sex factor responsible for conjugation.

Several workers have tested the ability of vari-
ous plasmids to restore donor ability to defective
Hfr strains. Superinfection with normal F-lac
gave occasional diploid strains possessing the
same donor property as the original Hfr (44).
Hirota, Fujii, and Nishimura (99) observed that
R100-1, a derepressed mutant of an F-like R
factor, almost completely restored the function of
defective HfrC, which normally gives more pro
recombinants than either his or trp (30). As the
bacteria produced F pili, distinguishable by minor
structural differences from those determined by
R100-1 (166), the R factor might well have been
replacing the defect in the F factor. Clowes (34)
tested Coll, whose sex factor is not related to F,
judging from the I pilus and the fi character.
Since wild-type Coll is repressed, the frequency
of all kinds of recombinants was exceedingly low;
nevertheless, there were about 50 times more for
pro than for his or trp, just as with normal HfrC.
This result, as Clowes pointed out, may signify
that Coll is merely providing a conjugation bridge
while gene transfer results from an independent
event like spontaneous rupture of the chromo-
some which is most probable where F is inserted.
In the Richter 93 strain, which carries an sfa
locus consisting of only a fragment of F, simple
repair of function may be less likely than when a
defective but entire F factor is present. However,
F, R100-1 (210), and Rldrd (151) converted the
Richter 9,3 strain into a chromosomal donor
whose polarity of transfer was the same in each
case.

Meynell and Cooke (in preparation) tested
several different R factors, both F-like and I-like,
in defective HfrC, using recipient strains with
genetic markers distributed throughout the
chromosome. Table 7, which gives the results for
pro, his, and trp, shows that the original HfrC
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polarity of transfer was present with Rldrd, an
F-like factor, and to a lesser extent with R64drd,
which belongs to the I-like group, whereas
R144drd, R163drd (both I-like), and R192drd
(F-like) produced equal numbers of each recom-
binant class, just as in an F- strain. The positive
result with Rldrd might be explained by func-
tional repair like that of Hirota et al. (99) with
R100-1, but the negative result with R192drd
shows that not all F-like factors act in this way.
With the I-like factors, it was possible to deter-
mine which sort of sex pili was formed by the bac-
teria. R64drdor Rl44drdcaused defective HfrC to
produce only I-like pili, as determined by electron
microscopy (A. M. Lawn, personal communica-
tion) and by sensitivity to donor-specific phages,
although normal HfrC carrying these factors pro-
duced pili of both kinds. Thus, with R64drd, the
oriented transfer of the HfrC chromosome oc-
curred even when the pilus was determined by the
I-like factor, R64drd. If transfer required the
genetic material to form a continuous structure
with the sex factor, R64drd might specifically
restore the F-oriented transfer of the chromosome
in defective HfC because it had greater homology
with F than with the chromosome. Confronted
with a chromosome containing an integrated F
factor, it might then be preferentially inserted
into the continuity of the F factor rather than
elsewhere.

Resistance genes. Recombination between resist-
ance genes is observed when two R factors tend
to exclude each other and enter an unstable rela-
tionship in which one sex factor is ultimately lost.
Simultaneous selection for the resistance genes
from both factors then yields a stable R+ minority
in which all the resistance genes are found united
with the remaining sex factor in a single linkage
group, as shown by their cotransduction by phage
P1 (156, 223, 227). This is observed only when
both R factors are fi+ or fi- (227), probably be-
causefi+ andfi- factors reproduced unrestrictedly
in the same cell so that culture on drug-containing
media does not select sufficiently strongly for re-
combinants. The same reason probably explains
the fail ire to isolate recombinants of R factors
and F, except when drug-resistance markers are
transduced without their sex factor by phage P22
(223, 228) or phage e15 or Eu (88), when sub-
sequent transfer of resistance genes by F can be
used for selection.
An R factor is transduced as a whole by phage

P1 because the length of the transduced fragment
is sufficient to include both the resistance genes
and the sex factor. The transduced factor is
therefore as transmissible as the original. On the
other hand, when transduced by phages P22,
e15, or E34, the resistance markers are not sub-
sequently transmissible and appear to be inte-

grated in a defective phage genome (57). The
difference between these phages and phage P1
presumably arises because shorter fragments are
transferred, and, consequently, the resistance
genes are transduced without the genome of the
sex factor and do not comprise a replicon. There-
fore, the only transduced resistance markers
which are replicated in the recipient are those
associated with a new replicon, namely, the ge-
nome of the transducing phage which becomes
defective.

Transductants obtained with phages c15 and E3
form stable associations with the F' factor, F 13,
in which the resistance genes are evidently united
with F, because they are jointly transduced by
phage P1. These recombinants also resemble F,
and differ from the original R factor, by being
eliminated during growth in the presence of
acridines (89). Recombination is not confined to
exchange of resistance determinants, for it may
also occur between genes of the sex factor proper.
For example, transduction of resistance from one
R factor by phage P22 gave an exceptional R+
clone which conjugated at very low frequency;
when the transduced factor was transferred to F+
bacteria, it recombined with F to yield a hybrid
factor. This resembled both F, in being unre-
pressed and in excluding other F factors, and R, in
not being eliminated by acridines (228).

Neither is recombination of resistance genes
limited to changing from one sex factor to another
for they can be stably linked to a fully functional
genome of phage E15 (119) or phage P1 (124).
Drug resistance is then expressed by every phage-
infected bacterium, and appears as an instance of
phage conversion. The resistance genes in the
phage-infected bacterium can then be subse-
quently restored to linkage with a sex factor (123).
Recombination is of potential value in mapping

resistance genes within R factors. Point mutations
within the chloramphenicol-resistance or tetra-
cycline-resistance genes have been mapped with
two factors, one of which lacked sex factor activ-
ity and did not exclude the other (93, 95, 155).
Interrupted mating, applied so successfully to
Hfr donors (116) and to the chromosomal se-
quences of long F' factors (26, 101), cannot,
however, be used to map R factors transferred
to R- recipients, because the method depends
on there being a homologous region in the
recipient's genome to rescue incoming genes by
recombination. This presumably accounts for
the observation that the first resistant bacteria
to appear in the recipient population are found to
possess the entire R factor, not individual resist-
ance genes (222).

Interactions between transmissible and nontrans-
missible plasmids. A special instance of genetic
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interaction concerns the transfer of a "nontrans-
missible" plasmid by a second plasmid possessing
sex factor activity. Any stable plasmid comprises
a replicon, whose replication starts at a specialized
gene or "replicator" (112). With transmissible
plasmids, the replicator is likely to be a part of the
sex factor, any accompanying genes, like the
resistance genes of an R factor, being reproduced
with it in the same manner as the chromosomal
sequence of an F' factor. On the other hand, the
nature of nontransmissible plasmids is unknown.
Some may comprise defective sex factors which
have lost their ability to promote conjugation.
Others may contain a defective phage genome,
not easily recognized as such following loss to its
phagelike functions; resistance genes derived from
R factors have been shown to form stable associa-
tions with intact phage P1 (122, 123), defective
phage e15 (119), or P22 (57). Nontransmissible
plasmids include many ColE factors, other plas-
mids determining a similar colicin in Salmonella
strains, and numerous factors for other colicins
(74, 164, 177). All these are often transferred at
considerable frequency when conjugation is
brought about by another plasmid with sex
factor activity. Co-transfer could occur by comple-
mentation or recombination, and, if either is a
criterion of relationship, a given sex factor should
transfer some nontransmissible plasmids more
readily than others. There are few experiments
that allow this question to be decided. Nagel de
Zwaig (164) found that CoIE1-K30 was readily
transferred by F, and Clowes (35) collected a
number of reports suggesting that this plasmid is
efficiently transferred at conjugation brought
about by either F or ColI, although Watanabe
(224) observed that transfer of ColE1-K30 from a
donor carrying both F and ColI was prevented if
F transfer (but not Coll transfer) was suppressed
by an fi+ R factor. ColE2-P9, on the other
hand, was transferred at much higher frequency
with ColI than with F (35, 58, 98). ColE3-CA38
is poorly transferred with either F or Coll (98).

Origin of Resistance Genes

The source of individual resistance genes might
be identifiable by genetic or by biochemical
means. The available evidence is scanty but
strongly suggests that many or all of these genes
did not arise as mutations in the chromosome of
Salmonella, Shigella, or E. coli, in which they are
now commonly found. Genetically, they do not
exhibit homology with the chromosome, for
chromosomal integration of resistance genes has
never been unequivocally demonstrated except
through the intermediary of phage P22 (58) or
e15 (90) after transduction by these phages. Ho-

mology does not appear to have been assessed
directly by DNA hybridization.
The comparative biochemistry of drug resist-

ance in R+ and R- bacteria should help to reveal
the origins of R factor resistance genes. R factors
determine penicillinases in E. coli which differ
from the usual penicillinase of this species; a
variety of different penicillinases are determined
by different R factors, and one resembles a Kleb-
siella penicillinase (50, 52, 64). With kanamycin
and chloramphenicol, enzymes inactivating the
drugs by acetylation have been demonstrated (69,
194); although R- strains of enteric bacteria
have been shown to acetylate small amounts of
chloramphenicol (194), the effect with R factors
appears to be brought about by an R-determined
enzyme (W. V. Shaw, personal communication).
Mutation in E. coli to high-level resistance to
streptomycin in one step is associated with the
formation of resistant ribosomes (24), and the
chromosomal str-r gene is recessive to str-s (131):
the str-r gene of an R factor is evidently dominant
to str-s in the chromosome and the ribosomes
remain streptomycin-sensitive (185). However,
many other chromosomal mutations lead to lower
levels of resistance, comparable to those of R
factors, by mechanisms which are still unknown;
moreover, if a recessive str-r gene were carried
by an R factor, it would probably go undetected.
Exclusion of drug from the cell has been postu-
lated to account for resistance to tetracycline,
in the same way as occurs with bacterial mutants
isolated in the laboratory (72, 73, 107, 108, 216).

DISCUsSION

Of all the criteria of relationship discussed in
the second half of this review, superinfection im-
munity is by far the most significant. The results
obtained with pairs of marked derivatives of a
given plasmid, like two segregants of an R factor
(224) or two F' derivatives of F (189), show that
two related plasmids only rarely coexist stably
in the same cell. More importantly, although an
fi+ and anjfi- R factor coexist readily, any two fac-
tors of the same fi type are rarely able to do so.
It follows that the fi character of an R factor is
found in nature to be associated with a specific
requirement for replication which cannot be
satisfied if the host bacterium already carries
another R factor of the same fi type. We have
seen that the fi character reflects the specificity
of the mechanisms regulating synthesis of the
sex pilus, and also that it is associated with
specific structural genes for the pilus, since the
fi+ character is found with F-like sex pili and the
fi-character with I-like pili (Table 4). Thus, natu-
rally occurring R factors exhibit an association
of three functions: replication, regulation of pilus
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formation, and pilus structure. We have avoided
a precise definition of "sex factor" up to this
point, but it will now be evident that it comprises
not only the structural and regulatory genes of
the sex pilus but also the determinants of replica-
tion, i.e., the initiator and replicator of the repli-
con model (114), as is clear from the role of F in
determining the polarity of the Hfr chromosome
(2). Since sex piliso far appear to be limited to
a few, perhaps only two, types, there may prove
to be correspondingly few specificities of replica-
tion, as revealed by superinfection immunity.
The question then arises as to whether this

association between a specific replication mecha-
nism and specific pilus genes in each fi class is
obligatory or merely fortuitous. Genetic replica-
tion and pilus formation are wholly dissimilar
processes and, although the physiology of transfer
may require their genetic determinants to be
linked (2, 81, 112), one would expect these deter-
minants to behave independently in crosses. Their
association in naturally occurring plasmids may
therefore have no more significance than the asso-
ciations of unrelated characters used in taxonomy.
Exceptional plasmids are therefore to be expected.
as in the association of an F-like replication sys -
tem with an I-like pilus, or by the appearance of
variant F-like or I-like factors. The structural
genes for the pilus of the F-like factor, Fo-lac, are
atypical in adsorbing filamentous but not isomet-
ric F phages. F itself provides an outstanding
instance of a factor with an atypical specificity of
replication for, although it is the prototype of the
F-like class of sex factors, it is exceptional in
failing to exhibit superinfection immunity with
other members of this class, such asfi+ R factors.
Moreover, F and ColV have two other properties
that mark them off: they are naturally derepressed
and they are relatively readily eliminated by
growth in the presence of acridines (117, 219).
The fact that it is F in particular that is aberrant is
striking, but may be no more than a historical
accident, in that F chanced to be the first sex fac-
tor to be identified.

One's view of the nature and origins of R fac-
tors is largely determined by one's view of plas-
mids in general. Isolated genes are incapable of
replication (138, 208), and the ability of resistance
genes to form a stable association with their bac-
terial host therefore depends on their linkage to a
replicon. This may sometimes be recognizable
either as a bacterial sex factor or as a phage
genome, examples being P1 or e15 converting
particles (119, 122), P22 transducing particles
(57), and, possibly, staphylococcal plasmids
(183). Or it may have no identifiable properties
other than the ability to ensure replication of its
associated genes, as appears to be the case with

ColE2 (177) and some resistance genes (10). The
formation of any stable complex plasmid is there-
fore conditional on the prior existence of a repli-
con. This may be the sex factor in the case of some
transmissible plasmids, although others may re-
sult from the integration of a sex factor with a
second replicon comprising an otherwise non-
transmissible plasmid, in the same way that the
Hfr chromosome is formed by integration of two
independent replicons, namely, F and the bac-
terial genome. It is because sex factors appear to
be of only a few kinds, despite the variety of char-
acters that are transmissible, that they are of
greater value in assessing relationships than the
characters themselves. The replicons forming
the basis of nontransmissible plasmids may prove
to be equally valuable but, at present, their nature
is unknown.

Colicin determinants may differ radically in
their nature from other genes found on plasmids.
Although colicins are defined by their property of
killing E. coli, they are probably a heterogeneous
collection of agents of varied origin. The most
revealing division may be between those which
are nontransmissible and those, like V, B, and I,
associated with sex factor activity. The former
could well be components of defective phage (20,
187, 212) and the Col factor a defective phage
genome, unable to give infective progeny but
still able to bring about synthesis of lethal com-
ponents of the particle (76). Thus, it may be sig-
nificant that the nontransmissible factors El,
E2, and E3, but not the transmissible factors I and
V, share with phage the property that their syn-
thesis is lethal to the bacterium (98, 176, 231).
The transmissible factors, I, B, and V, stand in
contrast, for their lethal synthesis has not been
demonstrated with certainty. Colicins in the trans-
missible group may be related to functions in-
volved in bacterial conjugation (182), and their
determinants should therefore not be regarded as
merely linked to the sex factor in the way that
resistance genes are present in an R factor, but as
an integral part of the sex factor proper. Support
for this view comes from the behavior of de-
repressed mutants of two R factors which also
determine formation of colicin Ib. In each case,
the amount of colicin produced was directly re-
lated to the extent of derepression of pilus forma-
tion, suggesting that both were subject to the same
system of regulation (E. Meynell, unpublished
data). No more copies of theR factor were present
than in the wild-type strain, judging from the effi-
ciency with which resistance genes were trans-
duced by phage P1 (17). This effect was specific
for colicin synthesis, as derepressed mutants of
anotherR factor, determining penicillin resistance,
which were selected for increased conjugating
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ability, did not form more penicillinase than the
wild-type parent. Its specificity is also shown by
its mutational origin, as distinct from the increase
in colicinogeny and conjugating ability which
follow a nonspecific treatment like UV irradiation
(5, 36). The coordinate derepression of these two
functions in mutant R factors may therefore
indicate a relationship between colicin I and
conjugation.

Bacterial plasmids are associated with such a
variety of functions that, at first sight, they might
appear to defy classification in any but the most
superficial descriptive terms. This variety is mis-
leading, however, and disappears once plasmids
are considered in genetic, not physiological, terms
and as subject to the same rules as any other ge-
netic element. A stable plasmid is necessarily a
replicon. If it is transmissible, it necessarily con-
tains a sex factor. Immediately the fundamental
properties of transmissible plasmids are con-
sidered, consistent and logical relationships
appear. Relationships between F, phage, con-
verting particles, F', col factors, and R factors
have long been noted in the literature (76, 96, 97,
116, 138, 221). We have seen here that function-
ally diverse transmissible plasmids can have
similar sex factors; to emphasize functional
differences between complex genetic elements
may be, therefore, in the context of their evolu-
tionary relationships, to concentrate on their
trivial properties, the determinants which chance
to be linked to the replicon and which are con-
tinually changing by recombination and segrega-
tion. The critical step in the evolution of plasmids,
both transmissible and nontransmissible, must
have been the appearance of the first replicon
capable of an independent nonchromosomal
existence. Once this was formed, experiment
shows how rapidly complex plasmids can be as-
sembled, even within the limited time span of the
laboratory. The nature of the primordial replicon
is as obscure as that of bacteria themselves. It
might have been a duplicate of the chromosomal
replicator and initiator genes, so that its host was
a partial diploid. It might equally well have
evolved from an extrachromosomal genetic ele-
ment like a centrosome, which was once con-
cerned in bacterial mitosis. If, in bacteria, chro-
mosomal replication once took place upon a
mitotic spindle, as in higher cells, then the substi-
tution of the cell membrane in ensuring the par-
tition of daughter chromosomes (47, 112) would
render superfluous the genetic elements of the
spindle. Perhaps these are the ancestors of the
plasmids we meet today.
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